As hundreds of gas giant planets have been discovered, we study how these planets form and evolve in different stellar environments, specifically in multiple stellar systems. In such systems, stellar companions may have a profound influence on gas giant planet formation and evolution via several dynamical effects such as truncation and perturbation. We select 84 Kepler Objects of Interest (KOIs) with gas giant planet candidates. We obtain highangular resolution images using telescopes with adaptive optics (AO) systems. Together with the AO data, we use archival radial velocity data and dynamical analysis to constrain the presence of stellar companions. We detect 59 stellar companions around 40 KOIs for which we develop methods of testing their physical association. These methods are based on color information and galactic stellar population statistics. We find evidence of suppressive planet formation within 20 AU by comparing stellar multiplicity. The stellar multiplicity rate for planet host stars is 0 +5 −0 % within 20 AU. In comparison, the stellar multiplicity rate is 18%±2% for the control sample, i.e., field stars in the solar neighborhood. The stellar multiplicity rate for planet host stars is 34%±8% for separations between 20 and 200 AU, which is higher than the control sample at 12%±2%. Beyond 200 AU, stellar multiplicity rates are comparable between planet host stars and the control sample. We discuss the implications of the results to gas giant planet formation and evolution.
INTRODUCTION
Almost half of sun-like stars are members of binary or multiple star systems (hereafter MSS, Raghavan et al. 2010; Duquennoy & Mayor 1991) .
During the formation of a star-planet system, the presence of a companion star is likely to perturb or truncate the protoplanetary disk (e.g., Holman & Wiegert 1999; Jang-Condell 2007) . These effects would affect the formation rate of planets around the stellar components of MSS. Indeed, observations of star forming regions show that protoplanetary disks around MSS have shorter lifetimes than disks around single star systems (hereafter SSS, Kraus et al. 2012) . Furthermore, after planet formation, dynamical interactions with stellar companions could affect the orbital evolution of a planet and its survival rate via perturbation (Wu & Murray 2003; Naoz et al. 2012) , disk-driven migration (Lin & Papaloizou 1986; Tanaka et al. 2002) and planet-planet scattering (Rasio & Ford 1996; Chatterjee et al. 2008) .
Despite many theoretical and numerical studies of planets in MSS, the planet occurrence rate in MSS is still uncertain. There have been numerous estimates of the planet occurrence rate for solar-type stars based on the Kepler results (e.g., Howard et al. 2012; Fressin et al. 2013) ; however, these studies do not distinguish between planet host stars in SSS or MSS. The lack of stellar multiplicity information prevents us from comparing the planet occurrence rate between SSS and MSS. The comparison would provide insights into the influence of stellar companions on planet formation. The discovery of thousands of planet candidates from the Kepler mission (Borucki et al. 2011; Batalha et al. 2013; Burke et al. 2014 ) provides a unique opportunity to study planets in MSS (e.g., Wang et al. 2014a) There are two ways of studying planets in MSS. First, one can select a sample of known MSS and then search for planets around each of the component stars (the Planet-Quest approach, e.g., Konacki 2005; Eggenberger & Udry 2007; Konacki et al. 2009; Toyota et al. 2009 ). Unfortunately, for ground based surveys, the detection efficiency of planets in MSS is affected by flux contamination from the additional stellar components (Wright et al. 2012) . Flux contamination also reduces the signal to noise ratio (SNR) of a transiting planet (Fressin et al. 2013; Wang et al. 2014a ). On the other hand, the Star-Quest approach is an effective way to study planets in MSS. Using a sample of known stars with planets, it is possible to determine the fraction of MSS in that sample (e.g., Luhman & Jayawardhana 2002; Patience et al. 2002; Wang et al. 2014b; Ngo et al. 2015) . From a technical standpoint, it is much easier to detect stellar companions than planetary companions, making the Star-Quest approach much eas-ier and more sensitive to lower mass planets. Previous observational studies have suggested that the presence of a stellar companion suppresses planet formation (e.g., Eggenberger et al. 2011) . However, these studies have not fully considered biases in target selection and planet detection or the observational incompleteness in the search for stellar companions of planet host stars. Wang et al. (2014a) discuss the above concerns and find that planet formation is suppressed by stellar companions with separations up to 1500 AU. Wang et al. (2014b,a) summarize the works following the Star-Quest approach prior to 2014. Since then, more progress has been made. These new results suggest that visual stellar companions are not rare around planet host stars. Using the Lucky Imaging technique, Lillo-Box et al. (2014) find that 32.8% of Kepler planet host stars have at least one visual stellar companion within 6
′′ . Based on adaptive optics (AO) imaging of 87 Kepler planet host stars, Dressing et al. (2014) find that 31.0% of planet host stars have stellar companions within 4 ′′ . Law et al. (2014) observe 715 Kepler stars with planet candidates with the Robo-AO system. They find 7.4% of Kepler planet host stars have stellar companions within 2.5
′′ . However, the fraction of gravitationally bound companions is uncertain from these surveys. Using the speckle imaging technique, Horch et al. (2014) detect 49 stellar companions within 1 arcsec around over 600 Kepler stars with planet candidates. The majority of the detected companions are likely to be gravitationally bound to the planet host stars based on a statistical argument. Accounting for detection incompleteness, they conclude that the stellar multiplicity rate for planet host stars is similar to stars in the solar neighborhood. Gilliland et al. (2014) observe 23 Kepler stars with small and cool planet candidates using the Hubble Space Telescope. They find evidence that physically-associated stellar companions are more common around planet host stars than around field stars in the solar neighborhood. The Kepler stars in the aforementioned studies have an average Kepler magnitude of 13.5. Assuming that they are solar-type stars, the average distance is ∼600-700 pc. More recently, Ngo et al. (2015) focus on a sample of host stars for hot Jupiters (HJs) that were discovered and confirmed by ground-based observations. They use AO imaging and conduct multiple-epoch observations to confirm physical association by measuring common proper motions of stellar components. The stellar multiplicity rate for HJ host stars is almost twice as high as that for stars in the solar neighborhood for stellar separations between 50 and 2000 AU. The overabundance of stellar companions for HJ host stars suggests the positive role of stellar companions in HJ formation and evolution.
While rapid progress has been made since 2014, there are still a number of issues for the Star-Quest approach. First, there is a selection bias against MSS for work on planets detected by ground-based observations. MSS with small separations and considerable flux contamination are usually excluded in ground-based surveys for planets (e.g., Wright et al. 2012) . The selection bias is difficult to quantify and correct, so converting the measured stellar multiplicity rate to planet occurrence rate is challenging (Wang et al. 2014a) . Second, most studies focus on a single detection technique for stellar companions. The high-angular resolution imaging technique has been the dominant method. However, the physical association of stellar companions is difficult to assess for Kepler stars. This becomes an issue when calculating the stellar multiplicity rate which concerns only gravitationally bound companions. Third, the imaging techniques are not effective in detecting stellar companions within or near the diffraction limits of telescopes, which correspond to 20-50 AU in physical separation. Stellar companions at smaller separations can be more effectively detected by measuring the radial velocity (RV). So far, only a few studies following the Star-Quest approach use the RV technique in combination with the high-angular resolution imaging technique, which dramatically increases the search completeness for stellar companions (Knutson et al. 2013; Wang et al. 2014a; Ngo et al. 2015) .
Finally, the control sample to be compared is not a perfect sample. Field stars in the solar neighborhood usually serve as a control sample for stars without planets, but studies on planet occurrence rate suggest that the majority of stars host at least one planet (e.g., Mayor et al. 2011; Howard et al. 2012; Fressin et al. 2013; Dressing & Charbonneau 2013) . In order to construct a more meaningful control sample, we can find other stars that do not have planets down to a certain mass and up to a certain orbital separation (e.g., Eggenberger & Udry 2007), or we can continue to use the field stars as a control sample but set a planet mass/radius and separation range to limit the level of contamination of planet host stars. For example, if we consider only gas giant planets within ∼1 AU, then the stars in the solar neighborhood can serve as a reasonable control sample because fewer than 10% of stars have gas giant planets within 1 AU (Cumming et al. 2008; Mayor et al. 2011) .
To address the above issues, we have conducted a search for stellar companions for 84 Kepler stars with gas giant planets within ∼1 AU. This sample of stars is not biased against MSS because the Kepler mission does not apply a selection criterion that excludes MSS (Brown et al. 2011) . The typical full width at half maximum (FWHM) of images for Kepler target selection is 2.5 ′′ and thus these images are ineffective at distinguishing binary stars. We use both RV data and high-angular resolution imaging data for these stars, so the search completeness is high compared to surveys employing only one technique. We assess the physical association of detected stellar companions using (1) their color information and (2) a statistical argument based on a galactic stellar population model. We can compare the stellar multiplicity rate for this sample to that for field stars in the solar neighborhood without a significant contamination of planet host stars in the control sample. After these issues are resolved, we can study the influence of stellar companions on gas giant planet formation with the sample 84 Kepler planet host stars.
The paper is organized as follows. We describe the sample of Kepler stars with gas giant planets in §2. AO observation and data reduction for these stars are presented in §3. We also discuss the physical association of detected stellar companions in §4. We synthesize the results of different techniques in the search for stellar companions in §5. These techniques include the RV and AO imaging techniques and the dynamical analysis. The stellar multiplicity rate of Kepler stars with gas giant planets is given in §6. Discussion and summary are given in §7 and §8.
SAMPLE DESCRIPTION
From the NASA Exoplanet Archive 4 , we select Kepler Objects of Interest (KOIs) that satisfy the following criteria: (1), disposition of either Candidate or Confirmed; (2), stellar effective temperature (Teff) lower than 6500 K; (3) stellar surface gravity (log g) higher than 4.0; (4), Kepler magnitude (K P ) brighter than 14th mag; (5), with at least one gas giant planet (3.8 R ⊕ ≤ R P ≤ 22.0 R ⊕ ). In total, we select 84 KOIs with 97 gas giant planets. Stellar and orbital parameters for these KOIs are given in Table 2 . The median distance of these KOIs is 580 pc. There are 27 multi-planet systems among 84 KOIs.
There are 19 KOIs with RV observations. We obtain RV data from the Kepler Community Followup Observation Program 5 (CFOP). The majority of the RV data (14 out of 19 ) were taken with the HIRES instrument (Vogt et al. 1994) and reported in Marcy et al. (2014) . Exceptions are KOI-1 (TrES-2, O'Donovan et al. 2006), KOI-3 (HAT-P-11 b, Bakos et al. 2010) , KOI-97 (Kepler-7 b, Latham et al. 2010) , KOI-128 (Kepler-15 b, Endl et al. 2011), and KOI-135 (Kepler-43 b, Bonomo et al. 2012) . The Modified Julian Dates (MJDs) of the first and last RV data points and the number of RV data points for each KOI are given in Table 2 .
For KOIs with high-angular resolution images from CFOP, we use the images to search for stellar companions. These images were taken at different telescopes including Keck, Palomar, MMT, Lick, and WIYN. For KOIs whose high-angular resolution images are not available, we have taken AO images using the PHARO (Palomar High Angular Resolution Observer) instrument (Brandl et al. 1997; Hayward et al. 2001 ) at the Palomar 200-inch telescope and the NIRC2 instrument (Wizinowich et al. 2000) at the Keck II telescope. In total, we have taken AO images for 60 out of the 84 KOIs. Telescope and photometric band information is given in Table 2 . The KOIs with AO images taken through this work are also indicated in Table 2. 3.1. AO Imaging with PHARO at Palomar We observed 40 KOIs in the sample with the PHARO instrument (Brandl et al. 1997; Hayward et al. 2001 ) at the Palomar 200-inch telescope. The observations were made between UT July 13rd and 17th in 2014 with seeing varying between 1.0 ′′ and 2.5 ′′ . PHARO is behind the Palomar-3000 AO system, which provides a on-sky Strehl of 86% in K band (Burruss et al. 2014) . The pixel scale of PHARO is 25 mas pixel −1 . With a mosaic 1K ×1K detector, the field of view (FOV) is 25 ′′ ×25 ′′ . We normally obtained the first image in K band with a 5-point dither pattern, which had a throw of 2.5
′′ . The exposure time was set such that the peak flux of the KOI is at least 10,000 ADU for each frame, which is within the linear range of the detector. If a stellar companion was detected, we observed the KOI in J and H bands.
3.2. AO Imaging with NIRC2 at Keck II We observed 27 KOIs in the sample with the NIRC2 instrument (Wizinowich et al. 2000) at the Keck II telescope. The observations were made on UT July 18th and August 18th in 2014 with excellent/good seeing between 0.3 ′′ to 0.8 ′′ . NIRC2 is a near infrared imager designed for the Keck AO system. We selected the narrow camera mode, which has a pixel scale of 10 mas pixel −1 . The FOV is thus 10 ′′ ×10 ′′ for a mosaic 1K ×1K detector. We started the observation in K band for each KOI. The exposure time setting is the same as the PHARO observation: we ensured that the peak flux is at least 10,000 ADU for each frame. We used a 3-point dither pattern with a throw of 2.5 ′′ . We avoided the lower left quadrant in the dither pattern because it has a much higher instrumental noise than other 3 quadrants on the detector. We continued observations of a KOI in J and H bands if any stellar companions were found.
Contrast Curve and Detections
The raw data were processed using standard techniques to replace bad pixels, flat-field, subtract thermal background, align and co-add frames. We calculated the 5-σ detection limit as follows. We defined a series of concentric annuli centering on the star. For the concentric annuli, we calculated the median and the standard deviation of flux for pixels within these annuli. We used the value of five times the standard deviation above the median as the 5-σ detection limit. The median contrast curve and the 1-σ deviation of K band AO images we used in this paper are shown in Fig. 1 . Also plotted are detected stellar companions as indicated by asterisks in Fig. 1 . These companions are brighter than the contrast curve, so the significance of detections is at least 5 σ. In total, 59 stellar companions were detected around 40 KOIs. Their stellar and orbital properties are summarized in Table 4 .
Comparison to Previous Work
Among 59 stellar companions, 29 are newly detected around 22 KOIs in this study. Furthermore, we add observations to 8 previously known stellar companions in additional color filters. The other stellar companions that were previously reported are noted with references in Table 4 . These observation campaigns were carried out using a variety of instruments at different telescopes, e.g., AIRES at MMT (Adams et al. 2012; Dressing et al. 2014 ), PHARO at Palomar (Adams et al. 2012 ), Robo-AO at Palomar (Law et al. 2014 ), DSSI at WIYN and Gemini (Horch et al. 2014) , and AstraLux at Calar Alto (Lillo-Box et al. 2014) . When compared to previous work, we miss 11 stellar companions. They are marked with an asterisk in Table 4 . All but one (KOI-372, ∆K = 4.0) stellar companions that we miss are very faint, with a differential magnitude range between 7.2 and 8.2. Our pipeline does not identify these companions possibly because of different detection criteria. In one case (KOI-377, ∆J = 6.8), the stellar companion is identified in K band, but not in J band.
PHYSICAL ASSOCIATION
For stellar companions detected by imaging techniques, we need to confirm that they are not optical doubles/multiples. Otherwise, the unassociated stellar companions will systematically increase the stellar multiplicity rate and cause misinterpretations. To test physical association, the method of obtaining multiple-epoch images and measuring common proper motion has been proven effective (Ngo et al. 2015) . In our case, Kepler stars are generally ∼300-1000 pc away. While future observations are scheduled, common proper motion measurements are relatively more difficult. Given only one epoch of observation, we can use color information of detected stellar companions and assess the probability of their physical association to primary stars (Lillo-Box et al. 2014; Wang et al. 2014a ). Details of this approach are given in §4.1. For stellar companions with only single-band observations, color information is not available. We can assess the probability with a galactic stellar population simulation ( §4.2).
Physical Association Based on Color
Information We compare the distance of a KOI and its stellar companions. If their distances do not match within uncertainty, then they are likely to be optical doubles and the physical association is excluded. For the distance of a KOI, we follow the method described in Wang et al. (2014a) . We calculate the distant modulus for each KOI. The V band apparent magnitude is obtained through the NASA Exoplanet Archive. The V band absolute magnitude is calculated using the Yale-Yonsei (Y2) stellar evolution model (Demarque et al. 2004 Table 5 in Kraus & Hillenbrand (2007) . For stellar companions detected in more than 2 bands, we use the mean effective temperatures weighted by uncertainties. Once the effective temperature is available, we can find the corresponding K band absolute magnitude for a stellar companion. Its apparent K band magnitude can be calculated from the differential K band magnitude and the apparent K band magnitude of the KOI. The K band distance modulus can be calculated assuming zero extinction. The distance modulus can then be used to estimate the distance of a stellar companion.
In the above calculation, extinctions in different bands need to be considered. Otherwise, a stellar companion would appear redder and closer. To account for extinction in different bands, we use a linear relation between A λ /A V and 1/λ (Gordon et al. 2003 ). Since we are only interested in the wavelength region between 0.55 µm (V band) and 2.19 µm (K band), a linear relation is a reasonable approximation. On one end, we assume K band extinction to be zero. On the other end, we use the A V from the MAST archive. Extinctions in r, i, z, J, and H bands are interpolated between A V and A K .
The estimated distances of 21 companions are reported in Table 4 . For these companions with color information, 6 have estimated distances that are 2-σ inconsistent with the primary stars. Therefore, they are unlikely to be physically associated with the KOIs and thus are not considered in the following analyses. All 5 companions with color information and less than 1 ′′ angular separations have consistent distances with their KOIs. This is consistent with the finding that stellar companions with subarcsec separations are mostly gravitationally bound to KOIs (Horch et al. 2014) . For stellar companions with 1.0 ′′ to 3.0 ′′ separations, 2 out of 11 (18%) have inconsistent distances and are thus not physically associated with their KOIs.
Physical Association Based on Galactic
Stellar Population Model For the stellar companions without color information, we cannot adopt the method described in §4.1. However, their physical association needs to be addressed because the frequency of optical doubles/multiples is not negligible: 6 out of 21 stellar companions with color information are not gravitationally bound. We therefore develop a statistical approach to assess the physical association of detected stellar companions.
Using the TRILEGAL galaxy model (Girardi et al. 2005) , we run two sets of simulations. In the first set, we turn off binary parameters and calculate the fraction of optical doubles/multiples as a function of K 1 , K 2 and ∆θ, where K 1 is the magnitude of primary star, K 2 is the magnitude of the brightest nearby star, ∆θ is the radius range in arcsec. In the second set of simulation, we consider both optical doubles/multiples and gravitationally bound systems. From results of both sets of simulation, we can calculate the relative contribution of optical doubles/multiples and gravitationally bound stellar systems at a given combination of K 1 , K 2 and ∆θ, which allows us to calculate the probability of physical association in the absence of color information.
In each simulation, ten fields with a FOV of 1 square degree are simulated. These fields have different galactic latitudes so the combination of the results from the fields gives a better statistical result of the entire Kepler FOV. We consider two different filters, J and K bands because all detections in single filter are in either J or K band. The majority (29 out of 38 ) are in K band. The physical association probabilities of detected stellar companions in single filter are given in Table 4 . We also provide a calculator for the probability of physical association as a function of K 1 , K 2 and ∆θ in r, z, J, H and K filters 7 .
Comparing Two Physical Association Methods
We check the consistency of two methods for testing physical association. Since there are 21 stellar companions with color information, we can use this sample to perform the test: how physical association probabilities (in K band) correlate with acceptances/rejections based on color information. We divide the physical association probabilities into 3 intervals, [0.00-0.33], [0.33-0.67], and [0.67,1.00]. For the lower probability interval [0.00-0.33], 2 out of 3 stellar companions (KOI-98 and KOI-377) are rejected based on color information at 2-σ level. For the median probability interval [0.33-0.67], 2 out of 3 stellar companions (KOI-377 and KOI-3444) are rejected based on color information. For the higher probability interval [0.67-1.00], 2 out of 15 stellar companions (KOI-97 and KOI-1812) are rejected based on color information. These results demonstrate consistency between these two methods. At a physical association probability smaller than 0.33, despite small number statistics, the majority (67%) of stellar companions are rejected based on color information. In contrast, at a physical association probability higher than 0.67, the majority of stellar companions (87%) show consistent colors to be physically associated.
SYNTHESIZING AO OBSERVATIONS WITH OTHER TECHNIQUES
While 59 stellar companions around 40 KOIs are detected via AO observations, the AO technique is not sensitive to stellar companions that are too close 7 http://www.astro.yale.edu/jwang/Cal Prob PA.py to spatially resolve, nor is it sensitive to stellar companions that are too faint to detect with a sufficient SNR. By conducting simulations, we can calculate the search completeness of AO observations.
We define a parameter space, a − i space, where a is the semi-major axis of a companion star, and i is the angle between the sky plane and the companion star orbital plane. We divide the parameter space into a grid (∆a = 0.5 AU, ∆i = 10
• ). We simulate 1000 companion stars at each gridpoint in the a − i parameter space. The mass ratio distribution of simulated companions follows a Gaussian distribution from Duquennoy & Mayor (1991) , i.e., q = m 2 /m 1 = 0.23, σ q = 0.42. We use the median orbital eccentricity for binary stars (e = 0.4) and a random true anomaly distribution in simulations. If the contrast ratio (∆ Mag) between a simulated companion and the primary star is smaller than the value given by the 5-σ AO contrast curve, then we record it as a detection. The median AO completeness contours are plotted in Fig. 2 .
For the parameter space on the a − i plane that AO is not sensitive to, we use other observations or techniques to constrain the presence of stellar companions.
Radial Velocity Observation
There are 19 KOIs in our sample with at least 3 epochs of RV observation. Following the description of Wang et al. (2014a) , we use the Keplerian Fitting Made Easy (KFME) package (Giguere et al. 2012) to analyze the RV data. For cases in which the number of RV data points are not adequate to constrain a Keplerian orbit, we use linear fitting to check if the RV data exhibit long-term trend. The RV data serve two purposes. First, they reveal stellar companions via RV trends. Among 19 KOIs with RV data, however, only KOI-5 exhibits a RV trend. The stellar companion that can potentially induce the trend is constrained to be beyond 7 AU (Wang et al. 2014a ). More recent RV data suggest that, in addition to two transiting planet candidates, two more distant components exist in KOI-5 system (Howard Isaacson, private communication) . One is a sub-stellar companion with a period of ∼2700 days and the other one is the AOimaged stellar companion. Therefore, we consider the closest stellar companion to KOI-5 to have a projected separation of 40.3 AU (Table 4) .
The second purpose the RV data serve is to constrain the presence of stellar companions in the nondetection cases. Given the RV data, we can study the completeness of searching for stellar companions by simulations (Wang et al. 2014b,a) . Similar to the AO completeness study, we simulate 1000 companion stars on each grid point and count the number of simulated companion stars that can be detected given the time baseline, observation epochs, and measurement uncertainties of the RV data. The median RV completeness contours are plotted in Fig.  2 .
Dynamical Analysis
In addition to the RV and AO data, further constraints on potential stellar companions can be placed on multi-planet systems. There are 27 (32% of the sample) multi-planet systems in our sample for which we can apply a dynamical analysis (Wang et al. 2014b ). This dynamical analysis makes use of the co-planarity of multi-planet systems discovered by the Kepler mission (Lissauer et al. 2011) . A stellar companion with high mutual inclination to the planetary orbits would have perturbed the orbits and significantly reduced the co-planarity of planetary orbits, and hence the probability of multi-planet transits. Therefore, the fact that we have observed multiple transiting planet helps to exclude the possibility of a highly-inclined stellar companion. The dynamical analysis is complementary to the RV technique because it is sensitive to stellar companions with large mutual inclinations to the planetary orbits. The parameter space to which the dynamical analysis is sensitive is shown in Fig. 2 .
Combining Results From Different Techniques
For the RV and AO observations, detection completeness contours are calculated based on simulations given the time baseline, cadence, measurement uncertainties, and the contrast curve. For the dynamical analysis, numerical integrations give the fraction of time when multiple planets can stay with small mutual inclinations (< 5
• ) so that multiple transiting planets can be observed (Wang et al. 2014b ). We denote c RV , c AO and c DA as the completenesses at a given point in the a − i parameter space, overall completeness c is equal to 1
The completeness is then integrated over the a − i parameter space. For the integration, distribution functions of a and i are necessary to account for contribution at different places in a − i parameter space. The result of the integration is sensitive to the adopted distribution function. Since the distribution function of a is uncertain for plant host stars and measuring the distribution is the main goal of this paper, we adopt an iterative approach to incorporate a distribution of stellar companions. For the first iteration, we assume a log-normal distribution for a (Duquennoy & Mayor 1991; Raghavan et al. 2010) . However, this distribution is not representative for stars with planets (Wang et al. 2014a) , so in the subsequent iterations we adopt the a distribution from §6. The iteration stops when a distributions from two consecutive iterations differ less than 1% at any separations.
We assume a random distribution of − cos i for systems with only one transiting planet, and the i distribution from Hale (1994) for systems with multiple transiting planets. The treatment for multiple transiting planet systems is detailed in Wang et al. (2014b) , i.e., a coplanar distribution for stellar companions within 15 AU, a random − cos i distribution for stellar companions beyond 30 AU, and a mixture of the previous two i distributions for intermediate separations between 15 and 30 AU.
Correcting For Detection Bias Against Planets
in Multiple-Star Systems Planets in MSS are more difficult to find using the transit method because of flux contamination. The effect of this bias and a correction method have been discussed in Wang et al. (2014a) . We briefly introduce the method here.
We conduct simulations to quantify the detection bias against planets in MSS. For each KOI, we choose the one planet that gives the highest SNR. We add a companion star in the system and calculate the SNR in the presence of flux contamination for two cases: planet transiting the primary star and planet transiting the secondary star. If the SNR is higher than 7.1 (Jenkins et al. 2010) , then the planet can still be detected, but with a lower significance. We randomly assign a stellar companion (secondary star) to a KOI (primary star) and repeat this procedure 1000 times for both the primary and the secondary star. We record the fraction of planet detections in 2000 simulations considering flux contamination. We designate the fraction to be α, which will be used in correcting for the bias of detecting planets in MSS. For example, α = 0.95 indicates that 95% of planets would still be detected in the presence of flux contamination. In order to account for the 5% missed planets, for every N MSS that host such a planet, we should use N/α to represent the underlying MSS population that host such a planet. Since the transiting signal of gas giant planets is large, they are rarely missed in Kepler observations. Therefore, α is close to one in most cases.
STELLAR MULTIPLICITY RATE FOR KEPLER STARS WITH GAS GIANT PLANETS
The Kepler mission has provided us with a large sample of planet candidates. However, we do not know a priori whether a given planet host star is in SSS or MSS. Follow-up observations are critical in identifying additional stellar companions in planetary systems. Even in the case of non-detection with RV and AO, we can calculate the probability of a star being in a MSS based on the completeness study ( §5.3). For example, given the overall completeness c and the stellar multiplicity rate (MR), the probability of the star having an undetected companion (or being in a MSS) within r (in AU) is:
(1) where ω(i) is a weighting function for i. For single planetary systems, ω(i)di = d(− cos i). For multiple planetary systems, ω(i)di is a piecewise function depending on stellar separation a ( §5.3). The form of the weighting function for a, MR(a), was also discussed in §5.3. MR(a) is the a distribution of stellar companions for planet host stars. Here, we use MR(a) as a differential distribution, which is the derivative of a cumulative distribution MR(a ≤ r), i.e., Equation 3, where both a and r are semi-major axis of an orbit. MR(a) and MR(a ≤ r) are de-rived in an iterative way. For each iteration, we use MR(a) from the previous iteration in Equation 1 to calculate p M , which is then fed into Equation 2 and 3 to calculate MR(a) in the new iteration. The iteration converges until MR(a) from the new iteration and MR(a) from the previous iteration agree within 1% at any separations. Following this procedure, we calculate the number of MSS, N M , and the number of SSS, N S . Since N M and N S are the sums of probabilities, they are not necessarily integers:
where N is the total number of stars in the sample, p M (k) is the probability of the k th star being in a MSS, α(k) is the correction factor for the detection bias for planets in MSS (discussed in §5.4). Note that there is an implicit correction factor for SSS in Equation 2, but that this factor is 1. If a physically associated stellar companion is detected within a semi-major axis r to a KOI, then p M (a ≤ r) is assigned to 1. We note that AO observation only measures projected separation. The conversion from projected separation to semi-major axis is addressed by a Monte-Carlo simulation assuming that stellar companions have randomly oriented orbits ( §6.1). We also assign α to 1 because no bias exists in this case since a planet has already been detected in a MSS. The cumulative stellar multiplicity rate for planet host stars can be calculated:
.
6.1. Considering Physical Association Probability and Companion Orbital Orientation Not all AO detected stellar companions are physically associated with the KOI. Therefore, we need to consider the probability of physical association when calculating N M , which is later used for the cumulative stellar multiplicity rate calculation (Equation 3). Similarly, N M may be different due to the orbit orientation of detected stellar companions. AO observation only measures projected separation, but we need semi-major axis in N M calculation. Since orbital orientation, eccentricity and true anomaly are required to covert projected separation to semi-major axis, and these are not known for a single epoch AO observation, the conversion cannot be performed on an individual system. However, we can run a Monte-Carlo simulation to calculate N M and its uncertainty due to physical association probability and companion orbital orientation.
We developed two methods to calculate the probability of physical association in §4.1 and §4.2. For detections in multiple filters, we estimate the distance of a stellar companion based on its color information. We exclude stellar companions whose distances are inconsistent with the KOI distance at more than 2-σ level. For detections in only one filter, we estimate the probability of physical association using a galactic stellar population model . Then a random number following the uniform distribution between 0 and 1 is generated. If the random number is higher than the physical association probability, then the detection is excluded in the stellar multiplicity rate calculation. To account for the uncertainty in converting projected separation to semi-major axis, we assume randomly-orientated companion orbits. We use the median orbital eccentricity for companion stars (e = 0.4) and a random true anomaly distribution in simulations. The calculation for N M , N S , and the stellar multiplicity rate is repeated for 1000 times for their values and uncertainties.
Treatments For Different Stellar Separations
For small separations, i.e., a ≤ 10 AU, the RV data provide an effective constraint on stellar companions. As shown in Fig. 2 , the completeness of the RV technique is higher than 50% for the majority of parameter space within 10 AU. However, RV data are available for only 19 out of 84 KOIs. While considering all KOIs for stellar multiplicity rate within 10 AU seems to improve statistics, it in fact does not help because the majority of KOIs do not have data to constrain stellar companions within 10 AU. Instead, these KOIs without RV data outnumber KOIs with RV data and thus dominate the statistics. Since we use statistics of field stars in the solar neighborhood as an initial guess for stellar separation distribution for stellar companions (see §5.3), the lack of RV data for the majority of the KOI sample results in the lack of constraint for stellar companions within 10 AU. Therefore, the resulting stellar separation distribution for these 84 KOIs would be similar to that of field stars in the solar neighborhood. The similarity of stellar separation distribution is not physical but rather a result of a lack of constraint from RV data for the majority of the sample. To avoid the above problem, we consider only KOIs with RV data when calculating stellar multiplicity rate for small separations. To define small separations, we choose separations at which the completeness of AO data becomes higher than the completeness of RV data. Based on Fig. 2 , the transition separation is at 30-60 AU, so we adopt 50 AU as the transition separation. For stellar multiplicity rate within 50 AU, we consider 19 KOIs with both RV and AO data. For stellar multiplicity rate beyond 50 AU, we consider all 84 KOIs for which we have AO data.
One concern of using KOIs with RV data is the selection bias of RV observation and its potential influence on stellar multiplicity rate measurement. If RV observations are preferentially conducted for single stars or stars without significant flux contamination, then the stellar multiplicity rate for these KOIs would be lower because of selection bias. However, we have discussed this issue in Section 4.5 of Wang et al. (2014a) showing no evidence of such selection bias. For this work, we also checked the 84 Kepler stars in our sample. For 19 stars that received RV follow-up observations, 5 have stellar companions within 2 ′′ , one has severe flux contam-ination, i.e., delta mag smaller than 2 mag. For 65 stars without RV data, 11 have stellar companions within 2 ′′ , 4 have severe flux contamination. The detection rates of stellar companions are comparable between stars receiving RV observations and stars without RV observations. Therefore, there is no evidence of selection bias of RV follow-up observations, i.e., stars with RV data tend to have fewer stellar companions or fewer bright companions than stars without RV data.
Stellar Multiplicity Rate vs. Stellar
Companion Separation Fig.  3 shows the comparison between the cumulative stellar multiplicity rate for field stars (blue hatched region, Duquennoy & Mayor 1991; Raghavan et al. 2010) and that for planet host stars (red hatched regions). The field stars serve as a control sample for comparison. Hatched regions represents 1-σ uncertainties. For field stars in the solar neighborhood, we adopt a 2% uncertainty (Raghavan et al. 2010 ). For planet host stars, we consider two sources of uncertainty. First, we consider the uncertainty induced by physical association ( §6.1). Second, we consider Poisson noise by propagating the uncertainty in Equation 3. The two uncertainties are summed in quadrature for the final uncertainty.
The stellar multiplicity rate for planet host stars is consistent with zero and stays flat at 0 +5 −0 % for stellar separations smaller than 20 AU. For 20 AU < a < 200 AU, the stellar multiplicity rate is 34%±8%. The increase of the cumulative stellar multiplicity rate from [0-20] AU to AU is much faster than the control sample whose cumulative stellar multiplicity rate changes from 18% to 30%. Beyond 200 AU, the stellar multiplicity rate for planet host stars is higher than that for the control sample, but they are consistent within measurement uncertainty. The slopes for the cumulative stellar multiplicity rate change are similar between planet host stars and the control sample.
DISCUSSION

Interpretation of the Stellar Multiplicity of
Stars With Gas Giant Planets According to Fig. 3 , there may be three stellar separation ranges in which stellar companions affect gas giant giants formation and evolution differently. For stellar separations smaller than 20 AU, planet formation is suppressed. No stellar companion has been found within 20 AU for Kepler stars with gas giant planets. This leads to a zero stellar multiplicity (0 +5 −0 %) that is significantly lower than that for the control sample (18%±2%).
For separations between 20 AU and 200 AU, we notice a drastic increase of the cumulative stellar multiplicity rate for planet host stars. In contrast to the stellar multiplicity rate of 12%±2% in this separation range for the control sample, the stellar multiplicity rate is 34%±8% for planet host stars. The higher stellar multiplicity rate for planet host stars suggests that stellar companions in this separation range play an important role in gas giant planet migration, e.g., via the Lidov-Kozai mechanism. Therefore, for 20 AU < a < 200 AU, the role of stellar companions in planet migration is more important than their role in suppressing planet formation. However, there may be a caveat asserting the role of stellar companions in planet migration. The search completeness is ∼30-50% between 20 and 200 AU (Fig. 2) , which is the lowest in the a − i parameter space. Therefore, the stellar multiplicity rate in this separation range is the most uncertain.
For separation beyond 200 AU, the stellar multiplicity rate for planet host stars is comparable to that for the control sample, which indicates that gas giant planet formation and evolution is not significantly affected by a stellar companion. Wang et al. (2014a) measured the cumulative stellar multiplicity rate for a sample of planet host stars. This sample is dominated by stars with smaller planets, 43 out 56 stars have only transiting planets that are smaller than 3.8 R ⊕ . We compare the stellar multiplicity rates from Wang et al. (2014a) and this work, which focuses on gas giant planet host stars. While they are qualitatively identical, the characteristic separations are different. For example, the stellar multiplicity rate for small planet host stars intersects with control sample at ∼1500 AU whereas the intersection takes place at ∼100 AU for gas giant planets. The effective range of a stellar companion is an order of magnitude larger for small planets than for large planets: smaller planets are more prone to the influence of a stellar companion.
Comparison to Stars with Small Planets
There may be several explanations. First, in a multi-planet system, the timescale for pericenter precession and nodal precession increases with decreasing planet mass (Takeda et al. 2008) . For planet systems of the same orbital configurations, the Kozai timescale is more likely to be shorter than the timescale for pericenter precession and nodal precession for smaller planets, which makes these systems dominated by the Kozai effect due to the stellar companion. Therefore, smaller planets are more prone to the influence of a distant stellar companion because of a weaker planet-planet dynamical coupling. Second, for planet systems with both small and large planets, dynamical interaction between these two types of planets tend to eject more small planets than large planets (Xie et al. 2015 in prep.) . In the presence of stellar companions, the dynamical interaction becomes more frequent and thus leads to higher loss of small planets.
Correlation Between Stellar Companion
Properties and Planet Properties Planet formation is subject to the influence of stellar companions. Therefore, planets with different properties (e.g., orbital period and planet radius) may be a result of different properties of stellar companions. Here, we study whether the difference of stellar companions results in the difference of planet properties.
For properties of stellar companions, we focus on their differential magnitudes (∆ Mag). Since the majority (51 out of 59 ) of detected stellar companions have differential magnitudes in K band, we use the differential magnitudes in K band. For those whose K band differential magnitudes are not available, we do not use them in the following analysis.
To find evidence that stellar companion properties affect planet properties, we adopt a K-S-test-based method that has been used to search for different populations divided by a parameter (Quinn et al. 2014; Buchhave et al. 2014 ). The method is described as follows. We choose a value x for a planet property parameter. The value divides the sample into two sub-samples. We then compare the stellar companion properties of two sub-samples with the K-S test. The p value of the K-S test is recorded. By varying x and repeating the K-S test, we obtain a function p(x). If there are certain x values that result in significant difference between two sub-samples, these values may represent characteristic values that divide different planet populations. These populations are a result of different properties of stellar companions. Because not all stellar companions are physically associated, we need to account for the effect of inclusion of optical double/multiples. The uncertainty due to this effect is addressed in a Monto Carlo simulation. In each trial, we draw a subset of detected stellar companions based on the probability of their physical association. We apply the K-S-test-based method to the subset and record p(x). We repeat the process for 1000 times and find the median and confidence intervals at different levels. Fig. 4 shows the p value in K-S test as a function of planet orbital period. The K-S test compares the ∆ Mag of two sub-samples divided by orbital period. The K-S test-based method suggests that there may be three different populations of gas giant planets. We caution that this finding is not conclusive at this stage given small number statistics. If using p=0.05 as a threshold, the dividing orbital periods are ∼10 and ∼70 days. The p-value dip at P∼10 day is broad extending from 7 to 22 days. Hereafter we use P∼10 days as a representative value. The stellar properties of these three populations may be distinctively different. Fig. 5 shows the ∆ Mag distribution. Stars with gas giant planets with P < 10 days tend to have more stellar companions with small differential magnitudes (∆ Mag < 2). In comparison, ∆ Mag for stars with gas giant planets with P ≥ 70 days tend to be fainter but peak at ∆ Mag ∼ 3. However, the peak may be due to a lack of sensitivity for fainter stellar companions. The ∆ Mag for Stars with gas giant planets with 10 ≤ P < 70 days lies in between the previous two populations.
We check whether the finding of three distinct populations is prone to inclusion of false positives. One major cause of false positive is underestimation of radius due to flux contamination. Horch et al. (2014) estimate the effect as a function of ∆ Mag in Kepler band in two scenarios: object transiting primary star and secondary star. After applying their calculation, there are five KOIs that could be false positives. All the potential false positives are for the scenarios in which an object is transiting secondary star. These KOIs are KOI-17, KOI-375, KOI-633, KOI-2672, and KOI-3678. Among them, KOI-17, also known as Kepler-6, has been confirmed (Dunham et al. 2010) . KOI-2672 is a system with multiple transiting planet candidates, so the false positive probability is low (Lissauer et al. 2012) . The stellar companions for KOI-375, KOI-633, and KOI-3678 are only detected in K band and have differential magnitudes of 3.3, 3.9 and 3.3 mag. If physically associated, the K band differential magnitudes would put the stellar companions in the range of early-type M dwarfs. Such lowmass stars are less likely to harbor gas giant planets, which makes the scenario in which an object transits the secondary star less probable. Given the false positive rate of ∼20% (Fressin et al. 2013) , there would be at most one KOI that is a false positive, which will not significantly reduce the peak seen in Fig. 5 . However, we must caution again that the three-population hypothesis is preliminary and remains to stand the test of more observations and a larger sample.
Comparison to Other Results
The stellar multiplicity rate of planet host stars has been a research interest for a number of works (see §1 for references). All previous results concerning the Kepler sample were for small planet host stars. This is because Kepler discoveries are dominated by small planets and these planets are of great interest for potential habitable worlds. Ngo et al. (2015) used a sample of stars with gas giant planets that were discovered by ground-based RV and transiting surveys. In their "Friends of Hot Jupiters" project, they found that the stellar multiplicity for 50 stars with hot Jupiters (HJs) is 48 ± 9% for the stellar separation range of 50-2000 AU. We have 28 HJs in our sample, the stellar multiplicity rate we find for these separations is 25 ± 20%. However, if considering separations smaller than 50 AU, the stellar multiplicity rate within 2000 AU is 51 ± 13%. The significant difference is due to the drastic change of stellar multiplicity rate between 20 and 200 AU (Fig. 3) .
In §7.3, we suggest that the stellar companions around HJ host stars are on average brighter than stellar companions around stars hosting longerperiod gas giant planets (Fig. 5) . In our sample, all stellar companions around HJ host stars have K band differential magnitudes smaller than 2.5 with one exception of KOI-17 (∆ Mag = 3.8 mag). The trend is absent in Ngo et al. (2015) . None of their detected stellar companions have differential magnitudes smaller than 2.5 mag. One explanation is that they focus on stars with HJs discovered by ground-based RV and transiting surveys. In these surveys, a strong bias against MSS exists in the target selection and follow-up observations. The fact that Ngo et al. (2015) detected many fainter stellar companions suggests that there may be a missing population of HJ systems in equalmass binary systems. Recent discovery of HJs in WASP-94 AB system is one example of such systems (Neveu-VanMalle et al. 2014) . Law et al. (2014) observed 715 KOIs using the Robo-AO system, they found that stars hosting short-period (P ≤ 15 days) giant planets are 2-3 times more likely to have stellar companions than their longer-period counterparts. For our sample, we have 32 giant planets with period shorter than 15 days. When comparing the stellar multiplicity rate for stars hosting short-period planets and the rest of our sample, we do not find a significant difference. In fact, the stellar multiplicity rates for the stars with short-period planets, stars with planets with P > 15 days, and the entire sample are all ∼50% within 5000 AU. For stars with short-period planets, they tend to have brighter stellar companions, which are easier for Robo-AO to detect. For stars with planets with longer periods, their stellar companions tend to be fainter with differential magnitudes peaking at ∆ Mag = 3.0 in K band. These faint stellar companions are 1-2 mag fainter in the visible bands at which Robo-AO operates. Thus they are likely to be missed by Robo-AO given the detection limits are ∼4-5 mag in r and i band for the median performance. The portion of fainter stellar companions missing in the Robo-AO survey may explain their finding that stars hosting shortperiod (P ≤ 15 days) giant planets are 2-3 times more likely to have stellar companions. Therefore, we suspect that the finding in Law et al. (2014) may be caused by a lack of sensitivity to faint stellar companions.
Jang-Condell (2015) quantified planet formation efficiency in close binaries. The paper gave an empirical equation of gas giant planet formation efficiency as a function of primary star mass, mass ratio, binary separation and binary orbital eccentricity. Our finding of a suppressive planet formation within 20 AU is consistent with the conclusion in Jang-Condell (2015). However, Jang-Condell (2015) predicted that gas giant planets in close binaries with separations smaller than 20 AU are not entirely impossible. In comparison, there is no such planetary system in our sample. The closest stellar companion we have detected is at 40.3 AU projected separation. There are several other planetary systems in close binaries detected by the RV technique, such as γ Cep and HD 41004, but none of them has a binary separation smaller than 20 AU. The contrast between observations and theoretical predictions implies that a close stellar companion not only decreases the planet formation efficiency but also negatively influences planet evolution. Jang-Condell (2015) also discussed the effect of mass ratio on planet formation. While we found the tentative correlation between hot Jupiter occurrence and equal-brightness stellar companion, it is difficult to make a direct comparison because Jang-Condell (2015) focused on stellar companions with separations smaller than 100 AU whereas all but one companions in our study have separations larger than 100 AU.
SUMMARY
We select a sample 84 KOIs with 97 gas giant planets to study the influence of stellar companions on planet formation. We obtain AO images for 60 KOIs with two instruments: PHARO at Palomar 200-inch telescope and NIRC2 at Keck II telescope. For the rest of the sample, we use AO images available from the CFOP database. In total, we have detected 59 stellar companions around 40 KOIs.
Since some of the detected stellar companions are not physically associated with the KOIs, we develop two methods of testing the physical association. The first method makes use of the color information. For stellar companions with detections in multiple filters, we estimate their masses and absolute magnitudes based on their colors. Their distances can be estimated from the absolute magnitudes, apparent magnitudes, and extinctions. By comparing the distances of stellar companions and the KOIs, we can test their physical association. The second method is based on the statistics of galactic stellar population. For stellar companions that are detected in only one filter, the color information is missing. Instead, we run galactic stellar population model to simulate the Kepler field. With the results, we estimate the relative probability of a gravitationally bound stellar companions and optical doubles/multiples. Then we can calculate the probability of physical association as a function of angular separation and differential magnitude of a stellar companion. With these two methods of testing physical association, we can effectively exclude the effect of foreground and background stars on stellar multiplicity rate.
We find that the stellar multiplicity rate for planet host stars is 0 +5 −0 % within 20 AU. In comparison, the stellar multiplicity rate is 18%±2% for the control sample, i.e., field stars in the solar neighborhood. The deficiency of stellar companions for planet host stars indicates that gas giant planet formation is suppressed by stellar companions within 20 AU. The stellar multiplicity rate for planet host star is 34%±8% for separations between 20 and 200 AU, which is higher than the control sample at 12%±2%. This suggests that stellar companions in this separation range play a important role in gas giant planet migration. Beyond 200 AU, stellar multiplicity rates are comparable between planet host stars and the control sample.
We explore whether stellar companions of different properties lead to different planet properties. We find evidence of three distinct populations of gas giant planets. They are separated by two characteristic orbital periods, 10 and 70 days. The stellar companions around stars with each planet population have different differential magnitude distributions. For example, stars with HJs (P < 10 days) tend to have bright stellar companions with K band differential magnitudes smaller than 2 mag. Stars with gas giant planets with P ≥ 70 days tend to have stellar companions whose differential magnitudes peak at ∼3.0 mag in K band, which cor-respond to early type M dwarf companions. We emphasize that the three-population hypothesis is still tentative, and more follow-up observations are needed to either support or disprove it.
If the three-population hypothesis survives future tests, it may have significant implications on gas giant planet formation and evolution. First, the migration of gas giant planets may be dependent upon the mass of a stellar companion. The majority of gas giant planets in our sample cannot form in situ because of a lack of building and accreting materials. They must migrate in via some mechanisms. The migration mechanisms could be the same for different planet populations, e.g., the Lidov-Kozai mechanism. Or the migration mechanisms could be different, e.g., the Lidov-Kozai mechanism for HJs and in-disk migration for longer-period planets. In either case, the migration mechanisms have to be consistent with the observed mass-dependency of stellar companions.
Second, if HJs tend to be preferentially found in binary star systems with similar magnitudes, this population of HJs have been neglected because of the concern of flux contamination. The HJs in WASP-94 AB (Neveu-VanMalle et al. 2014) and Kepler-13 AB (Szabó et al. 2011; Mazeh et al. 2012; Shporer et al. 2014; Johnson et al. 2014 ) systems may be the tip of iceberg for this population. Surveys that do not bias against MSS can constrain the HJ occurrence rate in binary star systems with similar magnitudes. Current and future space missions for transiting planets, e.g., the K2 mission ) and the TESS mission (Ricker et al. 2014) , may serve the purpose. In fact, the transiting signal of HJs in binary stars may already exist in ground-based transiting surveys. In addition, AO-fed spectrographs will play an important role in validating or confirming HJs in binary stars (e.g., Crepp 2014) . Acknowledgements The authors would like to thank the anonymous referee whose comments and suggestions greatly improve the paper. We are grateful to telescope operators and supporting astronomers at the Palomar Observatory and the Keck Observatory. Some of the data presented herein were obtained at the W.M. Keck Observatory, which is operated as a scientific partnership among the California Institute of Technology, the University of California and the National Aeronautics and Space Administration We thank Eric Ford for insightful comments on interpreting the stellar multiplicity rate of planet host stars. (Table 4) . −0 % within 20 AU. In comparison, the stellar multiplicity rate is 18%±2% for the control sample. The stellar multiplicity rate for planet host star is 34%±8% for separations between 20 and 200 AU, which is higher than the control sample at 12%±2%. Beyond 200 AU, stellar multiplicity rates are comparable between planet host stars and the control sample -Results of K-S tests for the null hypothesis that stars with shorter-period and longer-period gas giant planets have stellar companions with similar distribution of differential magnitude. At each dividing period, we conduct a Monte Carlo simulation and show the median (solid), 68% (dashed) and 95% (dotted) confidence intervals. There may be three populations of gas giant planets whose formation and evolution are influenced differently by their stellar companions. The dividing periods for these populations are ∼10 and ∼70 days. For stars with short-period gas giant planets (P < 10 days), stellar companions tend to be bright with small differential magnitudes. For stars with gas giant planets with P ≥ 70 days, the differential magnitudes of their stellar companions tend to be fainter than the short-period counterparts. There is a peak at ∼3.0 mag, but it may be due to a lack of sensitivity for fainter stellar companions. 
